Abstract-Atom radii are calculated for chemical elements in different energy states based on photon energy of the emission (absorption) spectrum of atoms.
I. INTRODUCTION
The term nanotechnology stands for a set of methods and techniques used to create materials with dimensions in the nanometre scale (at atomic and molecular levels) in order to produce new products with predetermined properties. Other well-known concepts include molecular nanotechnology (MNT) by K. E. Drexler [1] [2] [3] , submicron nanosystem technology by N. Taniguchi [4] , the molecular building block method [5] [6] [7] [8] and in-between level nanotechnology. Development of nanotechnology as a scientific theory can be proved only if nanodevices are made available. In case of the molecular building block method, nanodevices are assembled from chemically pre-synthesized molecules (carbon-bearing building blocks that also include nitrogen, boron, etc.) that are capable of forming bonds with each other [5] [6] [7] [8] . Such dimensions are typical for the main biological structures: cells, their components (organelles) and molecules, complex inorganic compounds examined in recent scientific publications [9] [10] [11] . Taking into account significance and rapid advancement of nanotechnologies, we decided to provide a quantitative assessment of atom radii for different chemical elements in this publication.
A radius of the atom is one of the most important parameters that determines its length and, as a result, the strength of chemical bonds between atoms in molecules, as well as the efficiency of different technological processes. Therefore, quantitative assessment of atom radii for different chemical elements depending on their energy state is significant both from theoretical and practical point of views.
II. DIFFERENT CONCEPTS OF AN ATOMIC RADIUS
To define a radius of the atom, a number of concepts are applicable depending on the modeling paradigm, classical or quantum mechanical one: atomic, orbital, effective, covalent, or van der Waals radius. In the N. Bohr model of the atom, where electrons travel in defined circular orbits (i.e. energy levels), the radius of the atom is the distance from the center of the nucleus to the furthest electron orbit. An atomic radius is a characteristic of an atom that allows for an approximate estimation of interatomic (inter-nuclear) distances in molecules and crystals [12, 13] . An orbital radius of an atom is theoretically calculated as a distance from the nucleus to the maximum in the radial probability distribution curve for the electron density in an atom, i.e. it is a characteristic of the free atom sizes [13] [14] [15] . For various quantum-chemical calculations, values for orbital radii can differ.
The effective radius of an atom is estimated according to its sphere of action in the compound. It depends on its action manifestation, i.e. it is a characteristic of atoms in molecules bound together in a crystal structure. The radius value depends on the atom environment and interactions, as well as the state of atoms in the crystal structure. It is measured using X-ray data and is based on inter-nuclear distances. Otherwise, electron density distribution maps can be used and the radius is calculated as a distance from the nucleus to the electron density minimum along a bond line.
The concepts of orbital and effective [14, 15] radii are based on solutions to the Schrödinger's equation and assume the wave-particle duality of electrons moving in a hydrogen atom. The radius of the hydrogen atom is determined by atomic orbital types that significantly differ: s, p, d, h, f, etc. Therefore, according to the wave properties of an electron, atoms do not have strict boundaries and the concept of the atomic radius implies that 90-98% of the electron density lies within this sphere. It should be emphasized that the Schrödinger's equation describes the motion of a single electron in a hydrogen atom or a hydrogen-like ion. However, it is currently used for multi-electron atoms as well. For example, B. F. Bratsev [16] considers atom wave function for atom states from helium to argon. To calculate them, he uses the quantum theory of the atom with the Hartree-Fock approximation. During the last decade a number of research papers offered a more critical approach to the Schrödinger's theory [17] [18] [19] .
Depending on the atom bond type, metal, covalent and van der Waals atomic radii are also distinguished [15] . A metal radius is half the shortest distance between two atoms between atoms in the metal crystal structure. The value depends on the number of neighbors in the structure around the atom in the structure (i.e. coordination number). A covalent radius is half the length of a single chemical bond X-X, where X is a nonmetal atom. For halogen, the covalent atomic radius is half the internuclear distance in the X2 molecule.
The size of an atom is determined by its electron shell. However, the shell is not limited to a strict defined surface. The effective radius of the atom is specified by the van der Waals radius. It specifies the minimum possible distancedependent interactions for atoms that belong to different molecules. Thus Van der Waals radius equals half the internuclear distance between the nearest identical atoms that are not connected by chemical bonds, i.e. belong to different molecules. These radii determine the effective size of noble gas atoms [20] . 
where n is the main quantum number that can take integer values from 1 to ∞; e m is electron mass; e is electron charge;
Z is a number of protons in the atom nucleus or the atomic number of a chemical element in the Mendeleev's periodic 
As this formula shows, radii of atoms (outermost electron orbits) increase in proportion to the integer squares. For the hydrogen atom (Z = 1), the radius of the first electron orbit when n = 1 is called the Bohr radius and equals 0.529 •10 -10 m. This value is considered to be a close approximation of reality. However, there is a drawback to the equation (1): the size of the atom radii of chemical elements increases drastically if n parameter increases. According to it, if n = ∞ then r = ∞, which makes no physical sense. In addition, in the equation (1) for a valence electron only the net positive charge is considered via Z variable. It does not take into account the distribution of energy as a nucleus interacts with all atom's electrons and electron shielding effect in polyelectronic atoms. Therefore, the equation (1) can actually be used only to calculate the hydrogen atom radius by n = 1÷7.
There is another method for assessing atom radii for chemical elements [12] . It uses a bulk density value for a substance composed of these elements and takes into account the estimated coordination number and crystal lattice structures:
where  is the bulk density of the substance  Кna is interatomic porosity expressed as a decimal fraction;
Na is the Avogadro's number (Na= 6,022 •10 23 atoms/mole).
Atom radii for many chemical elements were calculated using the equation (2) In a research [14] it is noted that there exist around 20 systems of values of effective radii for atoms and ions. These systems are based on two established approaches. The first approach assumes that a radius of the oxygen ion is greater than the radius of main cations. It was suggested by A. Lande in the 1920s and is based on the additivity principles (i.e. internuclear distance is the sum of the radii of atoms or ions) and densest packing of atoms in crystals (anion spheres touch each other). Anion radius is defined as half the shortest distance between anions. Based on internuclear distances in some selenides and sulfides, radius values were calculated for S2-0.183 nm, Se2-0.193 nm, Mg2+ (0.076 nm). Later in 1926 V. Goldschmidt created a radius system for ions of all chemical elements. For reference values, he used an anion radius of fluorine (0,133 nm) and oxygen (0,132 nm). These values were calculated using a refractometric method by D. Vazasherna in 1923 (based on refraction indices of fluoride in aqueous solutions). Later this system of radii was elaborated by N. Belova, G. Bokiia, L. Pauling, R. Shanon, K. Prewitt and others. In the Pauling system, the O2 radius is 0.140 nm, in the Bokiia-Belov system it is 0.136 nm.
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The second approach was developed by W. L. Bragg in 1920 as he analyzed crystal structure by means of X-ray. As a reference value, he uses the radius of sulfidion (0.103 nm) that was defined based on internuclear distance S-S (0.205 nm) in pyrite (FeS2) via radiographic measurement techniques. The principles of calculating radii of ions for all other elements stayed the same as in the first approach. However, he assumed the radii of oxygen and sulfur anions to be smaller than the radii of cations, i.e. the densest packing is formed by cations while anions fill in the voids.
Radius systems are constantly refined and revised. In the periodic table of chemical elements, values of the orbital radii for atoms are often specified. They are results of theoretical calculations of electron density distribution in isolated atoms. These values usually provide the foundation to establish patterns of atom radius change between chemical element of different groups and periods in the periodic table. For example, data on the atomic radius values can be found in a reference book Physical quantities [22] . However, researches made by different authors, as well as data from the periodic table, do not cover a lot of chemical elements when it comes to their atom radii (for example, promethium, astatine, elements from americium to einsteinium and mendelevium). Therefore, the quantitative assessment of atom radii for chemical elements based on spectral analysis across the whole energy range of atoms significantly expands the possibilities for researching and solving this issue.
IV. VALIDATION OF A NEW METHOD OF QUANTITATIVE ASSESSMENT OF ATOM RADII FOR CHEMICAL ELEMENTS DEPENDING ON THEIR ENERGY STATE
A research [23] for the first time offers and validates the use of a mathematical expression for quantitative assessment of atom radii for chemical elements in various energy states based on spectral analysis data. It uses a proton-electronphoton model of the atom structure of the atom that was researched in [18, 19] . It takes into account that photons present in the atom have a definite emission-absorption spectrum, which is directly related to the problem considered in this paper.
Here, we assume that photons actually exist in the atom structure rotating around external electrons and nucleons. The photon spectrum of a particular atom is determined by the presence of photons forming a photon field around each charged particle of the atom. Each electron of an atom is characterized by a specific photon spectrum.
The atom spectrum is the spectrum of all photons emitted or absorbed by the valence (least bound) electron of a given atom. The atom absorbs the same spectrum as the emitted one. Therefore, spectral analysis can be used to determine the presence of certain elements in a substance. In accordance with this principle, hydrogen has six series in the spectrum due to photon emission-absorption. They represent six photon orbitals around the hydrogen atom electron. The presence of a photon electromagnetic field around all charged particles in an atom and interaction of electrons with an atom nucleus via fields stabilizes of the atom. Otherwise, according to the laws of electrodynamics, electrons moving in a circular orbit with centripetal acceleration would have been continuously losing energy and as a result would have fallen to the nucleus. This view conforms with the Bohr's theory in the part where an electron moves in one circular orbit until it jumps to another. However, Bohr states that "the emission of photons occurs when electrons jump from one energy level to another," i.e. it is the transition of electrons that is initial. We cannot agree with Bohr's viewpoint. Since a photon is initial in the emission process, then it is the photons that are absorbed or emitted by the atom for it to be stable in its environment. Researches [23, 24] show that when photons are emitted and e -jumps to an orbit closer to the nucleus, the emitted photons create a torque moment for e -to rotate around the atom nucleus. This allowed authors to validate the mathematical expression of the electron rotation radius by emission of a photon of the corresponding frequency and energy. The ratio value varies from 0.45 to 1.15. The most probable value is within the range of 0.75-0.8 [23, 24] . Therefore, for most elements when calculating the force of electron-nucleus interaction, one can use the value  = 0.75 or a specific  value calculated for the element.
This approach can be used to assess atom radii for chemical elements across the entire energy range, i.e. in a wide range of temperatures. Thus, using the proposed method, we have calculated the atom radii for all chemical elements across their entire energy state range, which distinguishes this work from those of other authors (V. Brattsev [16] , A. Radtsig and V. Shustriakov [22] , L. Pauling, N. Belov and G. Bokiiu [12] and others).
V. PRACTICAL IMPLEMENTATION OF QUANTITATIVE ASSESSMENT OF ATOM RADII FOR CHEMICAL ELEMENTS BASED ON SPECTRAL ANALYSIS DATA
As examples of assessment of atom radii of chemical elements in different energy states, Table 1 offers results of radius calculations for a mercury atom using formula (3) To confirm validity of the calculated results of mercury atom radii across a wide range of energy states, they are compared to mercury atoms radii calculated based on density values at three temperature states according to the data provided by P. Babicheva [22] . Density of mercury ρ:
at t = -39.9°C it is equal to 14.193•10 [14] By Pauling [12] By Melvin, Hughes [12] By Belov and Bokiia [12] From the Periodic [14] By Pauling [12] By Melvin, Hughes [12] By Belov and Bokiia [12] From the Periodic 
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In the same way it is possible to calculate atom radii for different elements given that their density and a crystal lattice type, which determines the interatomic porosity, are known. A similar method for calculating the radii of atoms was used by Pauling, Melvin-Hughes, Belov and Bokia [12] , whose data for many elements slightly differ, probably since they used different values of the coordination number. However, it is difficult to calculate atom radii for different elements using values of their bulk density in a wide range of temperatures (energy states) since there are no data on their density and crystal lattice types under these conditions. The formula (3) was used to assess the minimum and the maximum atom radii for all chemical elements based on threshold values of wavelengths of photon emission (absorption) and spectrum data for these chemical elements [25, 26] . The calculated results of threshold values of the atom radii are shown in Table 2 .
If analyzed, this table shows that for 75% of elements data on atom radii provided by different authors fit into the range (rmin-rmax), which is calculated using using threshold values of wavelengths of photon emission-absorption. In comparison to others, for the first 18 elements more recent information on the atom spectrum was used. It allowed for more objective data on their atom radius threshold values.
The greatest number of discrepancies between values calculated based on spectral analysis data (rmin -rmax) and data on the atom radii of elements provided by other authors (Table  2) is found for lanthanoid elements. It can be explained by the fact that the spectral analysis data on these and a number of other elements are not complete enough. Such conclusion is confirmed by comparing threshold values of wavelengths for emission-absorption from earlier [25] and later [26] publications for the first 18 elements.
This approach allows for objective assessment of atom radii of chemical elements across the entire range of their energy state, i.e. a wide range of temperatures. Thus, using the proposed method, we have calculated the atom radii for all chemical elements across their entire energy state range, which distinguishes this work from those of other authors (V. Brattsev [16] , A. Radtsig and V. Shustriakov [22] , L. Pauling [12] , N. V. Belov and G. [12] , etc.), the data of which correspond to a certain narrow range of temperature corresponding to normal conditions. CONCLUSION 1. In this research we provided assessment of the threshold values range (rmin -rmax) of atom radii for all chemical elements of the periodic table. It is shown that data on atom radii calculated using threshold values of wavelengths of photon emission-absorption in most cases coincide with the experimental (reference) provided by different authors. For a number of chemical elements, especially heavy ones, data on the change ranges of the atom radii is published for the first time.
2. There is a satisfactory correspondence between values of atom radii calculated based on emitted photon energy and ones calculated using a traditional approach, i.e. via the substance density. It validates the proposed methodological approach to the assessment of atom radii across their entire energy range.
3. The expected decrease of atom radii by photon emission confirms the existence of a photon electromagnetic field around atom electrons and proton-electron-photon model of the atom.
